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Arginine methylation is a widespread posttransla-
tional modification of proteins catalyzed by a family
of protein arginine methyltransferases (PRMTs). It is
well established that PRMTs are implicated in
various cellular processes, but their physiological
roles remain unclear. Using nematodes with a loss-
of-function mutation, we show that prmt-1, the major
asymmetric arginine methyltransferase, is a positive
regulator of longevity in C. elegans. This regulation
is dependent on both its enzymatic activity and
DAF-16/FoxO transcription factor, which is nega-
tively regulated by AKT-mediated phosphorylation
downstream of the DAF-2/insulin signaling. prmt-1
is also required for stress tolerance and fat storage
but not dauer formation in daf-2 mutants. Biochem-
ical analyses indicate that PRMT-1 methylates
DAF-16, thereby blocking its phosphorylation by
AKT. Disruption of PRMT-1 induces phosphorylation
of DAF-16 with a concomitant reduction in the
expression of longevity-related genes. Thus, we
provide a mechanism by which asymmetric arginine
dimethylation acts as an antiaging modification in
C. elegans.
INTRODUCTION
Protein arginine methyltransferases (PRMTs) are enzymes that
catalyze the transfer of a methyl group from S-adenosylmethio-
nine (SAM) to a guanidino nitrogen of arginine residue. Mamma-
lian PRMT family consists of nine members and is classified into
two groups based on the end products (reviewed by Bedford
andClarke, 2009). They first catalyze the formation of amonome-
thylated arginine (MMA) as an intermediate, and then type I
enzymes (PRMT1, -2, -3, -4, -6, and -8) further catalyze the
production of asymmetrically dimethylated arginine (ADMA),
while type II (PRMT5, PRMT7, and FBXO11) catalyzes the
production of symmetrically dimethylated arginine (SDMA) (Bed-
ford and Clarke, 2009). Accumulating evidence has revealed anCimportant role of arginine methylation in many aspects of cellular
processes, including signal transduction, transcriptional regula-
tion, and DNA repair pathways (Bedford and Clarke, 2009; Nich-
olson et al., 2009). Moreover, our previous study demonstrated
that PRMT1, the predominant mammalian type I enzyme,
methylates FOXO forkhead transcription factors and that this
methylation is implicated in the cellular response to oxidative
stress (Yamagata et al., 2008). However, the physiological signif-
icance of PRMT1 in vivo remains unknown due to early lethality in
the null mutants of flies and mice (Kimura et al., 2008; Pawlak
et al., 2000).
The insulin/IGF-1 signaling (IIS) pathway plays a pivotal role in
life span regulation in diverse species (reviewed by Kenyon,
2010). In Caenorhabditis elegans, reduction-of-function muta-
tions of daf-2, an ortholog of the mammalian insulin/IGF-1
receptor, more than double the life span of the animal (Friedman
and Johnson, 1988; Kenyon et al., 1993; Kimura et al., 1997).
This life span extension requires the forkhead transcription factor
daf-16, which regulates genes involved in longevity, stress resis-
tances, metabolism, and development (Lin et al., 1997; Ogg
et al., 1997). DAF-2 triggers the activation of the downstream
phosphatidylinositol 3-kinase AGE-1 and the AKT/the protein
kinase B, which leads to phosphorylation of DAF-16 and its cyto-
plasmic retention by interacting with the 14-3-3 protein FTT-2
(Cahill et al., 2001; Li et al., 2007a). Furthermore, recent studies
have revealed that the precise regulation of DAF-16/FOXO tran-
scription factors is achieved by multiple posttranslational modi-
fications: phosphorylation by SGK-1, JNK-1, MST-1, or AMPK
(Greer et al., 2007; Hertweck et al., 2004; Lehtinen et al., 2006;
Oh et al., 2005); reversible acetylation by a deacetylase SIR-2
(Brunet et al., 2004; Daitoku et al., 2004; Motta et al., 2004;
Tissenbaum and Guarente, 2001); and polyubiquitination by an
E3 ubiquitin ligase RLE-1 (Li et al., 2007b; Matsuzaki et al.,
2003). Importantly, these modification enzymes of DAF-16 func-
tion as components of genetic determinants of longevity in
C. elegans (Kenyon, 2010).
In this study, we identified the predominant type I protein
arginine methyltransferase, PRMT-1, as a regulator of DAF-16
in C. elegans. Loss of prmt-1 shortens worm life span, while
the restored expression of prmt-1 fully rescues the life span in
an enzymatic activity-dependent manner. Moreover, prmt-1
regulates stress resistances and fat storage but not dauer forma-
tion downstream of the DAF-2/DAF-16-signaling pathway.ell Metabolism 13, 505–516, May 4, 2011 ª2011 Elsevier Inc. 505
Figure 1. Nematode PRMT-1 Catalyzes
Asymmetric Dimethylarginine In Vitro
(A) Amino acid sequence alignment of human
PRMT1 (H.s.PRMT1) and C. elegans PRMT-1
(C.e.PRMT-1). Identical residues are shaded in
black. Conserved motifs for protein arginine
methyltransferase are boxed and indicated as
motif I, post I, motif II, and motif III.
(B) PRMT-1 possesses a SAM-binding activity.
GST-PRMT-1 proteins were incubated with [3H]
SAM in the presence or absence of nonlabeled
SAM. Total amounts of GST-PRMT-1 are shown
by CBB staining.
(C) PRMT-1 and PRMT-5 methylate histone H2A
and H4. GST-PRMT-1 and GST-PRMT-5 proteins
were incubatedwith recombinant or cell-extracted
histones in the presence of [3H]SAM. Total
amounts of histones are shown by CBB staining.
(D) PRMT-1 catalyzes the production of MMA and
ADMA. Histones or MBP was methylated by GST-
PRMT-1 or GST-PRMT-5 in the presence of [3H]
SAM. Then the reactions were hydrolyzed and run
on TLC plate with monomethylarginine (MMA),
asymmetric (ADMA), and symmetric (SDMA)
dimethylarginine as loading standards.
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PRMT-1 Regulates Life Span by DAF-16 MethylationBiochemical analysis showed that PRMT-1 binds to and methyl-
ates DAF-16 at arginine residues within an AKT consensus phos-
phorylationmotif, and importantly, PRMT-1-dependentmethyla-
tion of DAF-16 abrogates its phosphorylation by AKT.
Supporting these results, loss of prmt-1 results in a significant
decrease in the mRNA levels of longevity-related genes depend-
ing on phosphorylation of DAF-16. Taken together, our findings
provide evidence that asymmetric arginine dimethylation serves
as an ‘‘antiaging’’ modification, which directly blocks the AKT-
mediated phosphorylation, at least in part, of DAF-16, thus
leading to life span extension in C. elegans.
RESULTS
Identification of PRMT-1 in C. elegans
To explore the physiological role of PRMT1 in vivo, we have used
C. elegans as a suitable model organism for genetic analysis.
Because nematode PRMT1 has not been identified, we initially
searched for putative arginine methyltransferases in the
C. elegans genome database based on sequence similarity to
mammalian PRMT1. Among fivev putative open reading frames
sharing conserved catalytic domains of PRMT, we focused on506 Cell Metabolism 13, 505–516, May 4, 2011 ª2011 Elsevier Inc.the Y113G7B.17 gene, later designated
prmt-1 (Yang et al., 2009), which encodes
for a 348 amino acid protein and is 65.5%
identical to human PRMT1 (Figure 1A).
To determine whether nematode
PRMT-1 catalyzes the transfer of a methyl
groupfromSAMtosubstrates,wefirstper-
formed SAM-binding assay using GST-
fused PRMT-1 protein and 3H-labeled
methyl donor SAM. GST-PRMT-1 bound
to [3H]SAM, but this binding was competi-
tively inhibited in the presence of excessnonisotopically labeled SAM (Figure 1B), indicating that PRMT-1
possesses SAM-binding ability. To assess substrate specificity
of PRMT-1 compared with nematode PRMT-5 (Yang et al.,
2009), we conducted in vitro methylation assays using GST-
PRMT-1 and GST-PRMT-5 together with purified histones, either
individually recombinant or acid-extracted bulk preparation.
PRMT-1 methylated histone H2A and H4 equally well in recombi-
nant form, while PRMT-5-mediated methylation was detected
only in histone H2A (Figure 1C). Instead, by using acid-extracted
histones, we found that both PRMT-1 and PRMT-5 preferentially
methylated histone H4 (Figure 1C). These results suggest that
substrate specificity of nematode PRMT-1 is analogous to
mammalian PRMT1 (Chen et al., 1999). Next, to elucidate which
type of dimethylarginine is produced by PRMT-1, recombinant
H2A, H4, and purified bulk histones, all of which were preliminarily
methylated by GST-PRMT-1 or GST-PRMT-5, were hydrolysed
with hydrochloric acid, and then the reactions were analyzed by
a thin-layer chromatography. As shown in Figure 1D, the major
product in the PRMT-1-mediated methylation reaction was
ADMA and, to the lesser extent, MMA was also present. In
contrast, no SDMA was detected, unlike in PRMT-5-mediated
methylation reaction with histone and myelin basic protein (MBP)
Figure 2. PRMT-1 Is a Major Type I Arginine
Methyltransferase in C. elegans
(A) Structure of prmt-1 gene. Coding regions, open
boxes; noncoding regions, line; untranslated
regions, filled boxes. The deletion region of the
ok2710 allele is shown.
(B) prmt-1(ok2710) is a null allele. Whole-worm
extracts from wild-type (N2) and prmt-1(ok2710)
mutants were immunoblotted with anti-PRMT-1 or
anti-Tubulin antibodies.
(C) No asymmetric dimethylated proteins are de-
tected in prmt-1(ok2710) mutants. Whole-worm
extracts from N2 and prmt-1(ok2710) mutants
were immunoblotted with anti-ASYM24 or anti-
tubulin antibodies.
(D) ADMA is abolished in prmt-1(ok2710)mutants.
Total protein from N2, prmt-1(ok2710), and prmt-
1(ok2710);trcIs07[prmt-1(+)] were subjected to
acid hydrolysis and analyzed by high-pressure
liquid chromatography.
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PRMT-1 Regulates Life Span by DAF-16 Methylation(Figure 1D). Thus, these results indicate that nematode PRMT-1
catalyzes the formation of ADMA in vitro.
PRMT-1 Is a Major Type I Arginine Methyltransferase
in C. elegans
To further investigate whether PRMT-1 is a major type I enzyme
in vivo, we obtained a mutant C. elegans strain, ok2710,
harboring a frame-shift deletion in the prmt-1 gene (Figure 2A).
Ablation of PRMT-1 expression in prmt-1(ok2710) mutants was
confirmed by western blotting (Figure 2B). Using an anti-
ASYM24 antibody that specifically recognizes asymmetric dime-
thylated arginine residues, we demonstrated that there is no
detectable asymmetric dimethylated proteins in whole-worm
extracts from prmt-1(ok2710)mutants (Figure 2C). Furthermore,
high-pressure liquid chromatography analyses were performed
to measure the levels of ADMA in total worm protein following
acid hydrolysis. The prmt-1(ok2710) mutants had extremely
low levels of ADMA compared with that of wild-type (N2) worms
(Figure 2D). To ascertain whether this depletion of ADMA results
from a loss of prmt-1, we established a prmt-1(ok2710);trcIs07
[prmt-1(+)] line, in which the amount of PRMT-1 protein were
restored to the same extent as wild-type (data not shown). As ex-
pected, an integrated array expressing prmt-1 completely
rescues the amount of ADMA in the prmt-1 null allele (Figure 2D).
Collectively, these results suggest that PRMT-1 is the predomi-
nant type I arginine methyltransferase in C. elegans.
PRMT-1 Modulates Life Span in an Enzymatic
Activity-Dependent Manner
Unlike lethal phenotypes of null alleles of mouse prmt1 or
Drosophila dart1 (Kimura et al., 2008; Pawlak et al., 2000), theCell Metabolism 13, 505nematode prmt-1(ok2710) mutants are
apparently normal in embryonic and
larval development except for a slight
slow growth (data not shown). We there-
fore sought to determine whether
prmt-1 is involved in the regulation of
adult longevity in C. elegans. As shownin Figures 3A and Table S1 (see online), loss of prmt-1 resulted
in a statistically significant decrease in life span compared with
wild-type worms. This experiment was repeated on a different
null allele, prmt-1(tm3613), with a similar consequence (Table
S1). In contrast, we found that the life span of a loss-of-function
allele of PRMT-5, prmt-5(gk357), was equivalent to that of wild-
type (Figure S1 and Table S1).
To confirm that the short life span observed in prmt-1(ok2710)
mutants results from disruption of PRMT-1, we established two
independent extrachromosomal arrays expressing basal levels
of PRMT-1 in the prmt-1(ok2710) background (Figure S2A). As
shown in Figure 3B and Table S1, the reduced life span of
prmt-1(ok2710) mutants was fully restored to normal levels in
the two transgenic lines. Conversely, expression of an enzymat-
ically inactive G70A mutant that is defective in SAM binding
(Figures S2B and S2C) failed to rescue the short life span of
prmt-1(ok2710) mutants (Figure 3C and Table S1). Taken
together, these data suggest that prmt-1, but not prmt-5, is
required to maintain a normal life span entirely dependent on
the asymmetrically arginine dimethyltransferase activity.
PRMT-1 Is Necessary for DAF-16-Dependent Regulation
of Life Span
In C. elegans, life span is controlled by the IIS pathway, which
includes the DAF-2 transmembrane receptor, a series of intracel-
lular kinases such as AGE-1 and AKT, and the DAF-16 forkhead
transcription factor (Lin et al., 1997; Ogg et al., 1997). Hence, we
attempted to define the epistatic relationships of prmt-1 in the IIS
pathway by crossing prmt-1(ok2710) mutants into a reduction-
of-function allele, daf-2(e1368) background. Loss of prmt-1 signif-
icantly suppressed theextended life spanofdaf-2(e1368)mutants,–516, May 4, 2011 ª2011 Elsevier Inc. 507
Figure 3. PRMT-1 Regulates Life Span
Dependent on DAF-16
Life spans of adult animals grown at 20C are
presented as a Kaplan-Meier plot. All of the life
span assays were repeated at least two times. Life
span values are shown in Table S1.
(A) prmt-1(ok2710) mutants exhibit short life span
compared to wild-type (N2) worms.
(B) Two independent transgenic strains express-
ing PRMT-1 in the prmt-1(ok2710) background
restore the reduced life span of prmt-1(ok2710)
mutants.
(C) The transgenic strain expressing an enzymat-
ically inactive PRMT-1 (G70A) mutant in the prmt-
1(ok2710) background fails to restore the reduced
life span of prmt-1(ok2710) mutants.
(D) Loss of prmt-1 significantly suppresses the
longevity of daf-2(e1368) mutants. The transgenic
strains expressing PRMT-1 wild-type, but not
G70A mutant, in the prmt-1(ok2710) background
restore the reduced life span of daf-2(e1368);
prmt-1(ok2710) mutants.
(E) Loss of prmt-1 does not suppress the longevity
of clk-1(qm30) mutants.
(F) Loss of prmt-1 does not suppress the life span
of daf-16(mu86) mutants.
(G) The transgenic strain expressing PRMT-1 in
the N2 background does not extend life span
compared to wild-type (N2) worms.
(H) Two independent transgenic strains express-
ing both DAF-16::GFP and PRMT-1 extend life
span compared to control worms expressing
DAF-16::GFP alone.
Cell Metabolism
PRMT-1 Regulates Life Span by DAF-16 Methylationwhile the reductionwascompletely recoveredby theexpressionof
wild-type, but not mutant (G70A) PRMT-1, implying that methyl-
transferase activity of prmt-1 is required for longevity caused by
reduced IISpathway (Figure3DandFigureS2D;TableS1). Inaddi-
tion, to ask whether prmt-1 could be also involved in other
longevity pathways independent of both the IIS and daf-16, we
tested theeffectofprmt-1ablationon the lifespanof two long-lived
worms; one is clk-1(qm30) mutants that is defective in mitochon-
drial ubiquinone synthesis (Wong et al., 1995), and the other is
eat-2(ad1116)mutants that is a geneticmodel of caloric restriction
(Lakowski and Hekimi, 1998). Unlike in daf-2(e1368)mutants, loss
of prmt-1 only slightly suppressed the extended life span of clk-1
mutants by 1.4 days, and eat-2 mutants by 0.6 days (Figure 3E
and Table S1). These results suggest that prmt-1 affects longevity
specifically through the IISpathwayandalsodemonstrate that loss
of prmt-1 does not induce a general sickness in long-lived worms.
To further test whether prmt-1 regulates life span in a daf-16-
dependent manner, we generated prmt-1(ok2710);daf-16(mu86)
double mutant animals. In contrast to an effect of prmt-1 deletion508 Cell Metabolism 13, 505–516, May 4, 2011 ª2011 Elsevier Inc.in wild-type (Figure 3A), prmt-1(ok2710);
daf-16(mu86) mutants had the same life
span as daf-16(mu86) mutants (Figure 3F
and Table S1), indicating that prmt-1 acts
upstream of daf-16.
We next explored whether overexpres-
sion of PRMT-1 could extend life span
by creating a transgenic line trcEx81[prmt-1(+)]. Although PRMT-1 was expressed at high levels as
a stable line (Figure S2E), this animal did not have an extended
life span compared with wild-type (Figure 3G). Since this result
appeared to be due to insufficient expression of the downstream
DAF-16, we then injected prmt-1DNA into an zIs356[daf-16::gfp]
animals, in which the levels of GFP-fused DAF-16 are substan-
tially higher than those of endogenous DAF-16 (Henderson and
Johnson, 2001), and obtained two independent transgenic lines
overexpressing both PRMT-1 and DAF-16-GFP (Figure S2F). As
shown in Figure 3H and Table S1, they exhibited a significant
increase in life span compared with a daf-16::gfp control.
Together, these genetic analyses suggest that prmt-1 functions
as a life span regulator by affecting DAF-16 activity downstream
of daf-2 signaling pathway.
PRMT-1 Regulates Stress Resistance and Fat Storage
butNot Dauer Formation in theDAF-2 Signaling Pathway
The IIS pathway is known to participate in other biological func-
tions, including stress tolerance, lipid metabolism, and dauer
Figure 4. PRMT-1 Is Involved in Stress Resistances and Fat Storage, but Not Dauer Formation Downstream of the DAF-2-Signaling Pathway
(A) Loss of prmt-1 reduced thermotolerance of daf-2(e1368) mutants. Worms were scored every 2 hr for viability at 37C.
(B) Loss of prmt-1 reduced resistance to oxidative stress in daf-2(e1368) mutants. Worms were scored every 1 hr for viability under oxidative stress.
(C) Loss of prmt-1 reduced resistance to ultraviolet (UV) irradiation in daf-2(e1368)mutants.Wormswere scored every 12 hr for viability under UV irradiation. (A–C)
Statistical values are given in Table S2.
(D) prmt-1 is required for fat accumulation of daf-2(e1368)mutants. Fat storage was analyzed by Sudan black staining of L4 stage larve. Arrowheads indicate the
lower bulb of pharynx.
(E) prmt-1 is not involved in dauer formation. Worms were grown at 25C for 3 days, and then the number of adults and dauer larvae were counted. Error bars
indicate ±SD from three independent experiments. Statistical values are given in Table S3.
Cell Metabolism
PRMT-1 Regulates Life Span by DAF-16 Methylationarrest (Honda and Honda, 1999; Murakami and Johnson, 1996;
Ogg et al., 1997). To examine the role of prmt-1 in these outputs
of the IIS pathway, we first assessed the viability of wild-type,
daf-2(e1368), daf-2(e1368);daf-16(mu86), and daf-2(e1368);
prmt-1(ok2710) mutant worms under stress conditions of high
temperature, reactive oxygen species, or ultraviolet (UV) irradia-
tion. Consistent with previous reports (Lithgow et al., 1995), the
thermotolerance of daf-2(e1368) mutants (mean survival of
12.4 ± 0.2 hr) was abolished by the mutation of daf-16 to the
same extent as wild-type worms (7.8 ± 0.1 hr versus 8.1 ±
0.2 hr) (Figure 4A and Table S2). Meanwhile, loss of prmt-1 in
the daf-2(e1368) background only moderately reduced the ther-
motolerance (9.5 ± 0.2 hr). Similar results were obtained with
viability assays when worms were treated with hydrogen
peroxide or UV irradiation (Figures 4B and 4C; Table S2). Next,
we determinedwhether prmt-1 is also implicatedwith fat storage
by using Sudan black staining. As shown in Figure 4D, daf-
2(e1368) mutants stored more fat in the intestine compared
with wild-type worms, whereas an additional mutation in prmt-
1 entirely counteracted the fat storage as well as that of daf-
2;daf-16 mutants. Finally, we tested whether prmt-1 is respon-
sible for entering the dauer stage in daf-2(e1368) mutants. At
the restrictive temperature of 25C, daf-2(e1368) mutants ex-
hibited constitutive dauer arrest, and this phenotype is
completely dependent on daf-16 (Figure 4E and Table S3).
However, in contrast to stress resistance and fat storage, loss
of prmt-1 has no effect on the ratio of dauer formation in the
daf-2(e1368) background. Hence, we further explored the possi-
bility that prmt-1 ablation could influence dauer formation at
semipermissive temperature by using another daf-2 allele,Ce1370, which exhibits a stronger dauer-constitutive phenotype
than daf-2(e1368) mutants (Kimura et al., 1997). At 22.5C,
partial dauer arrest observed in daf-2(e1370) mutants was not
suppressed by loss of prmt-1 (Figure S3 and Table S3). Collec-
tively, these results suggest that prmt-1 and daf-16 have both
overlapping and distinct functions in physiological outputs of
reduced daf-2 signaling.
PRMT-1 Interacts with and Methylates DAF-16
Next, to examine the expression pattern of PRMT-1 in
C. elegans, we generated transgenic animals carrying a Pprmt-
1::gfp transcriptional reporter construct. GFP expression driven
by the predictive prmt-1 promoter was observed in the pharynx,
body wall muscle, and intestine during larval to adult develop-
ment (Figure 5A and Figure S4). Given that intestinal DAF-16
activity has been shown to be sufficient to extend life span in
response to reduced IIS pathway (Libina et al., 2003), the consis-
tent expression of PRMT-1 andDAF-16 in the intestine raised the
possibility that there is a functional interaction between these
proteins. First, to test whether PRMT-1 interacts with DAF-16,
we performed pull-down assays using GST-PRMT-1 and
whole-cell extracts from worms expressing DAF-16-GFP. As
shown in Figure 5B, DAF-16 bound directly to PRMT-1 in vitro.
To further examine the physical interaction, expression plasmids
for FLAG-tagged DAF-16 and HA-tagged PRMT-1 were cotrans-
fected into HEK293T cells. HA-PRMT-1 was coimmunoprecipi-
tated with FLAG-DAF-16 only when the both proteins were
coexpressed (Figure 5C). Together, this interaction suggests
a mechanism by which PRMT-1 directly affects DAF-16 activity
in C. elegans.ell Metabolism 13, 505–516, May 4, 2011 ª2011 Elsevier Inc. 509
Figure 5. PRMT-1 Binds to and Methylates DAF-16
(A) Expression pattern of prmt-1 in C. elegans. Fluorescence micrograph of GFP proteins expressed under the control of the prmt-1 promoter. Arrows represent
GFP fluorescence in the intestine. Scale bar, 50 mm.
(B) PRMT-1 binds to DAF-16 in vitro. GST pull-down assays were performed with whole-worm extracts from zIs356[daf-16::gfp] transgenic strain together with
GST or GST-PRMT-1, followed by western blotting with anti-DAF-16 antibody. GST proteins are shown by CBB staining.
(C) Physical interaction between PRMT-1 and DAF-16 in cells. Expression plasmids of FLAG-DAF-16 and/or HA-PRMT-1 were transfected into HEK293T cells,
and whole-cell extracts were immunoprecipitated with anti-FLAG antibody, followed by western blotting with anti-FLAG and anti-HA antibodies. Two percent of
total input is shown.
(D) PRMT-1 methylates DAF-16. DAF-16 proteins were incubated with wild-type or G70A mutant of GST-PRMT-1 in the presence of [3H]SAM. Total amounts of
DAF-16 are shown by CBB staining. An asterisk indicates GST-PRMT-1.
(E) Determination of methylated region in DAF-16. In vitro methylation assay was performed using a series of GST-DAF-16 deletions as indicated. Forkhead (FH)
domain is shown as blue boxes. An asterisk indicates GST-PRMT-1.
(F) Comparison of the DAF-16 sequence with its orthologs of mouse FOXO1 and Drosophila dFOXO. Methylated arginines in mouse FOXO1 are shown in red.
Single or dual consecutive RxR motifs are shown in blue.
(G) Determination of methylated sites in DAF-16. GST-PRMT-1 proteins were incubated with wild-type or 3RK (R235K/R237K/R239K) mutant of GST-DAF-16
fragment (225–300 aa) in the presence of [3H]SAM.
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PRMT-1 Regulates Life Span by DAF-16 MethylationSince our previous study demonstrated that mammalian
PRMT1 methylates FOXO family members (Yamagata et al.,
2008), we further hypothesized that DAF-16 might be regulated
by arginine methylation. As expected, GST-PRMT-1, but not
mutant G70A, methylated DAF-16 in vitro (Figure 5D). To identify
the methylated arginine residues in DAF-16, in vitro methylation
assays were conducted using a series of truncated DAF-16
regions as indicated (Figure 5E, left). We found that PRMT-1
specifically methylates the C terminus of the forkhead domain510 Cell Metabolism 13, 505–516, May 4, 2011 ª2011 Elsevier Inc.(FH-C) in DAF-16 (Figure 5E, right). Interestingly, this region
contains the conserved arginine residues that correspond to
methylation sites in FOXO1 at R248 and R250, and it should be
noted that these arginines exist within an RxR motif, which is
often observed in PRMT1 substrates (Smith et al., 1999; Wada
et al., 2002) (Figure 5F). Meanwhile, unlike mammalian FOXO1
and Drosophila dFOXO proteins, DAF-16 has a dual consecutive
RxR motif at R235, R237, and R239 (Figure 5F). We therefore
attempted to investigatewhether PRMT-1-mediatedmethylation
Cell Metabolism
PRMT-1 Regulates Life Span by DAF-16 Methylationoccurs simultaneously in these sites by generating point
mutants where three arginine residues are substituted for
lysine (3RK). In vitro methylation assay demonstrated that
the 3RK mutation results in a marked decrease in methyla-
tion of DAF-16, suggesting that the three arginines in
DAF-16 are the major target sites for PRMT-1-mediated
methylation (Figure 5G).
PRMT-1 Prevents AKT-Mediated Phosphorylation
of DAF-16
Given that arginine methylation of FOXO factors inhibits their
phosphorylation by Akt (Yamagata et al., 2008), PRMT-1-medi-
ated methylation of DAF-16 would be predicted to counteract
its phosphorylation by AKT downstream of DAF-2 signaling in
C. elegans. Supporting this idea, all of the identified methylation
sites in DAF-16 are included in two overlapping AKT consensus
sequences (RxRxxS/T), both of which are suspected to be
targets by AKT (Figure 6A). However, since there was no
evidence for phosphorylation in the two potential AKT sites,
S240 and T242 in DAF-16, we initially addressed to determine
whether AKT phosphorylates either or both residues at S240
and T242 by using single or double substitution mutant of GST-
DAF-16 fragments. The S240A mutant showed no alteration in
the extent of phosphorylation, whereas both T242A and
S240A/T242A double mutation resulted in a prominent reduction
in overall phosphorylation (Figure 6B). These data indicate that
T242 is an AKT-mediated phosphorylation site in DAF-16.
Next, to examine the possible interplay between arginine
methylation andAKT-mediated phosphorylation, we synthesized
two DAF-16 peptides containing the consensus AKT motifs: one
is unmodified and another bears asymmetric dimethylarginine at
both R237 and R239. As shown in Figure 6C, recombinant AKT
potently phosphorylated the unmodified peptide, while no phos-
phorylation signal was observed in the methylated one, suggest-
ing that asymmetric arginine dimethylation of DAF-16 prevents
AKT-dependent phosphorylation in vitro. To further explore
whether PRMT-1 could inhibit phosphorylation of DAF-16
in vivo, we first generated an anti-phospho-DAF-16 (T242) anti-
body and validated for specificity by in vitro phosphorylation
assays (Figure S5A). Moreover, because this antibody failed to
detect the phosphorylation of endogenous DAF-16, the zIs356
[daf-16::gfp] line overexpressing DAF-16::GFP was used to eval-
uate the role of PRMT-1 in DAF-16 phosphorylation. We found
that loss of prmt-1 in the Is[daf-16::gfp] background led to
a marked increase in the intensity of phosphorylated DAF-16
compared with Is[daf-16::gfp] controls (Figure 6D).
Since phosphorylated FOXO factors bind to mammalian14-3-
3 proteins and are sequestered in the cytoplasm (Brunet et al.,
1999), PRMT-1-mediated methylation appeared to prevent
these processes as well as phosphorylation. Thus, we asked
whether loss of prmt-1 has an impact on the binding of DAF-16
to C. elegans 14-3-3 protein FTT-2 (Cahill et al., 2001; Li et al.,
2007a). DAF-16 was immunoprecipitated from whole-worm
extracts of Is[daf-16::gfp] and Is[daf-16::gfp];prmt-1 animals,
and then the immunoprecipitates were analyzed bywestern blot-
ting. We found that DAF-16 in the prmt-1(ok2710) background
bound to 14-3-3 protein to a greater extent than did the controls
(Figure 6E). Next, to examine the role of PRMT-1 in the intracel-
lular localization of DAF-16, we first demonstrated that starvedCcondition, in which nuclear accumulation of DAF-16::GFP can
be observed (Henderson and Johnson, 2001), simultaneously
causes a decrease in the phosphorylation levels of DAF-16
at T242 in worms (Figure S5B). We then assessed whether
loss of prmt-1 attenuates the nuclear translocation of DAF-16
in response to starvation. Compared with controls, Is
[daf-16::gfp];prmt-1 animals showed a significant decrease in
the proportion of nuclear DAF-16::GFP when worms were
starved for 6 hr and 12 hr (Figure 6F). Taken together, these
data suggest that PRMT-1 blocks AKT-mediated phosphoryla-
tion of DAF-16 at T242 and thereby inhibits its 14-3-3 binding
and cytoplasmic retention in C. elegans.
PRMT-1 Regulates Transcription of Longevity-Related
Genes by Altering DAF-16 Phosphorylation
Considering a strong correlation between DAF-16 activity and
longevity together with the short life span of the prmt-1 null allele,
one would predict that disruption of PRMT-1 downregulates the
transactivation function of DAF-16. We therefore quantified
endogenous transcript levels of DAF-16 targets, sod-3, sip-1,
mtl-1, and lys-7, all of which are related to longevity (Barsyte
et al., 2001; Honda and Honda, 1999; Hsu et al., 2003; Murphy
et al., 2003), in wild-type (N2), daf-2(e1368), daf-2(e1368);daf-
16(mu86), and daf-2(e1368); prmt-1(ok2710)mutants. As shown
in Figure 7A, loss of prmt-1 resulted in an approximately 50%
reduction in the expression of sod-3 and mtl-1, and a 70%
reduction in that of sip-1 and lys-7. Furthermore, to ask whether
the inhibitory effect of prmt-1 ablation on the expression of these
genes actually correlates with phosphorylation levels of DAF-16,
we detected DAF-16 phosphorylation in Is[daf-16::gfp] animals
crossing either or both daf-2(e1368) and prmt-1(ok2710) back-
grounds. As shown in Figure 7B, the level of DAF-16 phosphor-
ylation was markedly decreased in the daf-2(e1368) background
(lanes 1 and 3), whereas the phosphorylation was sufficiently
restored to basal levels by an additional mutation in prmt-1 allele
(lanes 3 and 4). Thus, these findings support the conclusion that
loss of prmt-1 decreases the extended life span of daf-2(e1368)
mutants by increasing phosphorylation of DAF-16.
Finally, to ascertain that PRMT-1-mediated expression of the
longevity-related genes indeed results from a crosstalk between
arginine methylation and AKT-dependent phosphorylation of
DAF-16, we generated an integrated transgenic line trcIs13
[daf-16T242A::gfp];daf-16(mu86) that expresses a phosphoryla-
tion-deficient daf-16 (T242A) mutant in the daf-16 null back-
ground. The transactivation function of DAF-16 (T242A) was
higher than that of wild-type in the expression of sod-3 and
sip-1 (Figure 7C). However, in contrast to the reduction of them
by crossing prmt-1(ok2710) mutants with daf-2(e1368) (Figures
7A) and wild-type (Figure S6), loss of prmt-1 failed to reduce
the expression of sod-3 and sip-1 in the trcIs13[daf-
16T242A::gfp];daf-16(mu86) background (Figure 7C). Taken
together, these results suggest that PRMT-1 upregulates
DAF-16 activity by inhibiting AKT-mediated phosphorylation of
DAF-16 at T242.
DISCUSSION
In this study, we provide evidence that PRMT-1, the predominant
type I arginine methyltransferase in C. elegans, functions asell Metabolism 13, 505–516, May 4, 2011 ª2011 Elsevier Inc. 511
Figure 6. PRMT-1 Inhibits AKT-Mediated Phosphorylation of DAF-16, Thereby Blocking Its 14-3-3 Binding and Cytoplasmic Retention
(A) Alignment of the DAF-16 sequence with the consensus motif for AKT phosphorylation (RxRxxS/T). AKT phosphorylation motif is shaded in black. Methylated
arginines in DAF-16 are shown in red. Two putative phosphorylation sites at Ser240 and Thr242 are underlined.
(B) AKT phosphorylates DAF-16 at Thr242. Recombinant AKT was incubated with wild-type or point mutants of GST-DAF-16 fragments (225–300 aa) in the
presence of [32P]dATP. Total amounts of GST-DAF-16 are shown by CBB staining.
(C) Methylation of DAF-16 inhibits phosphorylation by AKT. Recombinant AKT was incubated with DAF-16 peptides spanning residues 229–244, either
unmodified (wild-type) or dimethylated (me-Arg). Error bars indicate ± SD from three independent experiments.
(D) Loss of prmt-1 enhances the phosphorylation levels of DAF-16. Whole-worm extracts from Is[daf-16::gfp] and Is[daf-16::gfp];prmt-1 transgenic strains were
immunoprecipitated with anti-DAF-16 antibody, followed by western blotting with anti-phospho DAF-16 (T242) antibody. Total DAF-16 was analyzed with anti-
DAF-16 antibody.
(E) Loss of prmt-1 enhances the 14-3-3 binding of DAF-16. Whole-worm extracts from Is[daf-16::gfp] and Is[daf-16::gfp];prmt-1 transgenic strains were
immunoprecipitated with anti-DAF-16 antibody, followed by western blotting with anti-14-3-3 antibody. Five percent of total input is shown.
(F) Loss of prmt-1 prevents the nuclear translocation of DAF-16. The Is[daf-16::gfp] and Is[daf-16::gfp];prmt-1 transgenic worms were starved for 0, 6, and 12 hr,
and then fluorescence intensities of nuclear DAF-16::GFPwere categorized as ‘‘Cytoplasmic,’’ ‘‘Intermediate,’’ and ‘‘Nuclear’’ levels. Error bars indicate ± SEM of
three independent experiments. Typical fluorescence micrographs of DAF-16::GFP in each category are shown in right panels.
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PRMT-1 Regulates Life Span by DAF-16 Methylationa regulator of life span, stress tolerance, and fat storage (Figures
1–4). Loss of prmt-1 results in a reduced life span relative to wild-
type, and this phenotype is restored by expression of PRMT-1 in
an enzymatic activity-dependent manner (Figure 3). Genetic512 Cell Metabolism 13, 505–516, May 4, 2011 ª2011 Elsevier Inc.analyses showed that prmt-1 functions in the IIS pathway de-
pending on daf-16, and coexpression of both PRMT-1 and
DAF-16 increases longevity comparedwith a strain overexpress-
ing DAF-16 alone (Figure 3). We also found that PRMT-1 forms
Figure 7. PRMT-1 Upregulates Transcrip-
tion of Longevity-Related Genes by Inhibit-
ing DAF-16 Phosphorylation
(A) prmt-1 is required for increased transcription of
longevity-related genes in daf-2(e1368) mutants.
RT-qPCR analysis of total RNA from wild-type
(N2), daf-2(e1368), daf-2(e1368);daf-16(mu86),
and daf-2(e1368);prmt-1(ok2710) mutant worms.
Data represent mRNA levels of sod-3, sip-1,mtl-1,
and lys-7 normalized to act-1 mRNA. Error bars
indicate ± SEM of five independent experiments.
Statistical significance was determined using one
way ANOVA followed by Bonferroni’s multiple
comparison test (*p < 0.05, **p < 0.001).
(B) Loss of prmt-1 increases the phosphorylation
levels of DAF-16 in both control and the daf-
2(e1368) background. Whole-worm extracts from
transgenic strains as indicated were immunopre-
cipitated with anti-DAF-16 antibody, followed by
western blotting with anti-phospho DAF-16 (T242)
antibody. Total DAF-16 was analyzed with anti-
DAF-16 antibody.
(C) PRMT-1 regulates DAF-16 activity by altering
phosphorylation of DAF-16 at T242. RT-qPCR
analysis of total RNA from trcIs13[daf-16T2
42A::gfp];daf-16(mu86) and trcIs13[daf-16T24
2A::gfp];daf-16(mu86);prmt-1(ok2710) mutant
worms. Data represent mRNA levels of sod-3 and
sip-1 normalized to act-1 mRNA. Error bars
indicate ± SEM of three independent experiments.
Cell Metabolism
PRMT-1 Regulates Life Span by DAF-16 Methylationa complex with DAF-16 and, in particular, PRMT-1-mediated
methylation occurs within the AKT consensus sequence in
DAF-16, thereby blocking its phosphorylation at T242 by AKT
in vitro (Figures 5 and 6). Disruption of prmt-1 expression led to
an increase in phosphorylation of DAF-16, which in turn caused
its binding to 14-3-3 protein FTT-2 and retention in the cytoplasm
(Figure 6). Importantly, prmt-1 controls the expression of
longevity-related genes by altering DAF-16 phosphorylation at
T242 (Figure 7). It is noted that loss of prmt-1 causes no signifi-
cant decrease in extended life span of daf-2(e1370) mutants, in
which residual DAF-2 activity is substantially less than that of
daf-2(e1368) mutants (Arantes-Oliveira et al., 2003; Gems
et al., 1998; Kimura et al., 1997), further reinforcing an interplay
between PRMT-1 function and DAF-2 signaling in the regulation
of life span (Figure S7). Hence, these genetic epistasis experi-
ments are in reasonable agreement with a model in which
PRMT-1 upregulates DAF-16 activity by counteracting the
AKT-mediated phosphorylation through arginine methylation.
Besides its key role in regulating DAF-16-mediated longevity,
we showed that PRMT-1 also influences stress resistance andCell Metabolism 13, 505fat accumulation, both of which are the
outputs of the DAF-2-signaling pathway.
In contrast, the constitutive dauer forma-
tion of daf-2(e1368)mutants was not sup-
pressed by the disruption of prmt-1.
Given the previous report that the
tissue-specific DAF-16 activity, particu-
larly in neurons, can be sufficient for da-
uer formation (Libina et al., 2003), the
reason of this discrepancy might be dueto virtually undetectable expression of PRMT-1 in neurons.
More detailed studies are needed to determine whether
temporal and spatial expression patterns of PRMT-1 govern
the contribution to its specific functions.
Genetic approach using prmt-1 null allele did not present the
role of PRMT-1 in the development of C. elegans but instead al-
lowed us to investigate the importance of asymmetric arginine
dimethylation in postdevelopmental process. In addition to
prmt-1, we have demonstrated that prmt-5, theC. elegans ortho-
log of mammalian type II arginine methyltransferase PRMT5,
possesses enzymatic activity catalyzing the production of
SDMA (Figure 1D). Yang et al. have recently reported that inac-
tivation of prmt-5 leads to excessive apoptosis in germline
following ionizing radiation (Yang et al., 2009). Consistent with
this report, a null allele prmt-5(gk357) showed no obvious devel-
opmental defects, and we found that the prmt-5 mutation does
not influence the aging process in C. elegans (Figure S1 and
Table S1). Although we cannot exclude the possibility that other
putative type II PRMTs may compensate for catalyzing
symmetric arginine dimethylation, these results suggest that,–516, May 4, 2011 ª2011 Elsevier Inc. 513
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PRMT-1 Regulates Life Span by DAF-16 Methylationas opposed to symmetric dimethylation, asymmetric dimethyla-
tion of arginine residues contributes substantially to the regula-
tion of life span and also revealed the physiological difference
of two types of arginine methylation in vivo.
Our findings indicate that PRMT-1 has a pivotal role in the
regulation of life span at least in part by modulating arginine
methylation of DAF-16. Meanwhile, biochemical approaches
are providing evidence for the importance of prmt-1 in global
changes in asymmetric arginine dimethylation (Figures 2C and
2D). Interestingly, a recent report showed that members of the
H3K4me3 methyltransferase complex regulate life span in fertile
C. elegans (Greer et al., 2010). This finding supports the idea that
longevity may be epigenetically controlled by specific alterations
in chromatin state in addition to histone deacetylation by the Sir2
family (Tissenbaum and Guarente, 2001). Although extents of
methylation in H3R2 or H4R3 were not assessed due to the
lack of available antibodies for detection, alterations in asym-
metric arginine dimethylation of histones may be also involved
in the control of worm life span.
In conclusion, we demonstrated that arginine methylation acts
as an ‘‘antiaging’’ modification against the IIS pathway in
C. elegans. Our study adds another layer of complexity to the
signal transduction in life span regulation, and furthermore,
because the functional interplay between asymmetric arginine
dimethylation and Akt-mediated phosphorylation is conserved
in mammalian FOXO transcription factors (Yamagata et al.,
2008), the present findings may provide insights into the aging
mechanism in higher organisms.
EXPERIMENTAL PROCEDURES
C. elegans Strains
Bristol N2 wild-type, RB2047: prmt-1(ok2710)V, CF1038: daf-16(mu86)I,
DR1572: daf-2(e1368)III, CB1370: daf-2(e1370)III, MQ130: clk-1(qm30)III,
DA1116: eat-2(ad1116)II, TJ356: zIs356[pGP30(DAF-16::GFP)], MT8189:
lin-15B(n765), and VC824: prmt-5(gk357)III were provided by the Caenorhab-
ditis Genetic Center. prmt-1(tm3613)V allele was obtained from Dr. Shohei
Mitani. The prmt-1(ok2710) and prmt-1(tm3613) mutant strain were out-
crossed to N2 three times. prmt-1(ok2710) was crossed to CF1038: daf-
16(mu86)I, DR1572: daf-2(e1368)III, CB1370: daf-2(e1370)III, MQ130: clk-
1(qm30)III, DA1116: eat-2(ad1116)II, and TJ356: zIs356[pGP30(DAF-
16::GFP)]. daf-16(mu86) was crossed to DR1572: daf-2(e1368)III and
CB1370: daf-2(e1370)III to generate double mutants strains.
Plasmids and Antibodies
cDNAs for daf-16, prmt-1, and prmt-5were amplified by PCR and then cloned
into pGEX-6P vectors. All point mutants were generated by site-directed
mutagenesis. Antibodies to DAF-16 (Santa Cruz Biotechnology); Tubulin
(Sigma); dimethyl-arginine asymmetric, ASYM24 (Upstate); and 14-3-3 (Santa
Cruz Biotechnology) were purchased. Rabbit polyclonal antibodies against
PRMT-1 and phospho-DAF-16 (T242) were raised by using synthetic peptides,
KKGEEITGSFEMAPNKNNERD and RERSNpTIETTT, respectively.
Generation of Transgenic Lines
Extrachromosomal arrays carrying transgenic strains were generated using
standard microinjection methods. For rescue of prmt-1(ok2710) mutants,
5.6 kb genomic DNA fragment containing 3164 bp of 50 flanking sequence
and either wild-type (prmt-1[+]) or G70A mutant (prmt-1G70A[+]) of prmt-1
were injected at 1 ng ml1 with Pmyo-2::DsRed at 5 ng ml1 together with
lDNA at 100 ng ml1. For constructing trcEx59[Pprmt-1::gfp] transgenic
animals, a Pprmt-1::gfp plasmid, where PCR fragment of 3164 bp upstream
of the prmt-1 ATG start site was ligated to the pPD95_81 vector, at 40 ng
ml1 with EK L15 (lin-15+) marker plasmid at 60 ng ml1 were injected into514 Cell Metabolism 13, 505–516, May 4, 2011 ª2011 Elsevier Inc.MT8189: lin-15B(n765). For constructing zIs356[daf-16::gfp];trcEx[prmt-1(+)]
transgenic animals, DNA fragment of the prmt-1 with Pmyo-2::DsRed and
lDNA were injected into TJ356: zIs356[pGP30(DAF-16::GFP)]. For generating
trcIs13[daf-16T242A::gfp];daf-16(mu86), daf-16 T242A::gfp plasmid, where
PCR fragment of 6100 bp upstream of the daf-16a1 ATG site and daf-16a1
T242A cDNA were ligated to the pPD95_81 vector, at 50 ng ml1 with pRF4
marker plasmid, which contains rol-6(su1006), at 100 ng ml1 were injected
into CF1038: daf-16(mu86)I. The extrachromosomal array was integrated by
UV irradiation and then backcrossed.
In Vitro Methylation Assay
GST-DAF-16was incubated with wild-type or G70Amutant of GST-PRMT-1 in
the presence of [3H]SAM (50 mCi/ml) in 20 ml of HMT buffer (100 mM Tris-HCl
[pH 8.0], 100 mMNaCl, 2 mM EDTA) for 1 hr at 30C. After washing the beads,
the reaction products were analyzed by CBB staining and fluorography.
Immunoprecipitation and Western Blotting
HEK293T cells transfected with either or both pcDNA3-FLAG-DAF-16 and
pcDNA3-HA-PRMT-1 were lysed in lysis buffer (10 mM HEPES-KOH [pH
7.9], 150 mM NaCl, 0.1% Triton X-100, and protease inhibitors). The whole-
cell lysates were immunoprecipitated with anti-FLAG (M2) antibody, followed
by western blotting with anti-FLAG (M2) and anti-HA (3F10) antibodies. To
prepare C. elegans proteins, synchronized young adult worms were grown
on a 9.5 cm plate at 20C and washed off the plates with S buffer. The worms
were lysed by sonication in lysis buffer (50mMTris-HCl [pH 7.5], 150mMNaCl,
1mMEDTA, 0.5%NP-40, phosphatase inhibitors, and protease inhibitors) and
then immunoprecipitated with anti-DAF-16 antibody, followed by western
blotting with anti-phospho-DAF-16 or anti-14-3-3 antibodies.
Life Span Analysis
Life span analyses were conducted at 20C. Synchronized L1 worms were fed
with OP50, grown to young adult, and then FUdR (0.5 mg ml1) was added to
prevent progeny production. We used the L4 molt as t = 0. Animals were tap-
ped every day and scored as dead when they did not respond to the platinum
wire pick. All of the life span assays were repeated at least two times.
Sudan Black Staining
L4 larvae were fixed in M9 buffer with 1% paraformaldehyde for 30 min and
subjected to three freeze thaws. The animals were then washed and then de-
hydrated through washes with 25%, 50%, and 70% ethanol. The worms were
stained overnight in a 50% saturated solution of Sudan black in 70% ethanol.
Dauer Formation Assay
Young adults were allowed to lay eggs for 6 hr at 20C. The eggs were then
transferred to 22.5C or 25C and scored for dauer formation 3 days later.
The number of worms in Table S3 represents totals from three trials on different
days.
Stress Resistance Assays
Worms were synchronized and grown to young adult at 20C. For thermotol-
erance assays, 80 young adults were picked onto fresh plates containing 10
nematodes. Worms were transferred to 37C and scored every 2 hr for
viability. For oxidative stress assays, worms were transferred to dishes con-
taining 10 mM hydrogen peroxide diluted in S buffer and scored every 1 hr
for viability. For UV irradiation assays, worms were transferred to plates
without food and exposed to 2000 J/m2 of UV. Worms were transferred
back to fresh plates with food and scored every 12 hr for viability. The
stress-induced mortality was determined by tapping them with a platinum
wire to check. Statistical analyses for survival were conducted using the log
rank test.
Cellular Localization Analysis of GFP::DAF-16
Synchronized L1 larvae were transferred to fresh plates with food and then
grown for 24 hr at 20C. The worms were washed off the plates with S buffer
and transferred to plates without food. After starvation for 0 hr, 6 hr, and 12 hr,
the number of worms in each category, at least more than 100, was counted
under the fluorescence microscope.
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